ABSTRACT
INTRODUCTION
Small, multifunctional radio frequency (RF) devices are critical in commercial and military communications applications. Examples of their use include portable devices for high data rate communications via ground and satellite means; miniature ultra wideband antennas on thin, flexible substrates in Unmanned Aerial Vehicles (UAVs); multifunctional/reconfigurable apertures and many more. These applications are of growing importance and the need to develop these devices for such applications is essential.
To create small, multi-band antennas, reconfiguration within the antenna structure is necessary. Multiple methods have been employed to realize antenna reconfiguration; these methods are based upon changes in material properties or geometry. Changes in material properties create controllable, solid state variations in the electrical properties of the component materials to achieve new operating frequencies. Geometric changes are often achieved through switching mechanisms, such as MEMS (Micro-Electro-Mechanical Systems) devices, that change the signal pathway of the antenna to change the operating frequency. Other switching methods, such as using smart materials, provide a robust technique to create large changes in the operating frequency without significant degradation in antenna performance. This method was tested using a simple monopole geometry as well as a planar microstrip transmission line to confirm reconfiguration performance in a planar arrangement [1] .
Shape memory alloys (SMAs) provide one way of creating a controllable shape change for antenna reconfiguration. Shape memory alloys can recover an original shape after deformation when heated above the austenitic finish temperature. Specifically, Ni-Ti can withstand up to 8% strain and fully recover its original shape upon heating [2] . Phase transformations of the alloy between martensitic and austenitic phases allows for the large strains that can be recovered with heating [3] . The martensitic phase has a monoclinic structure that can have a twinned or detwinned microstructure. Stress acting on the twinned state rearranges the alternating monoclinic orientations in one direction to form the detwinned phase. Heating causes a phase change to austenite, a cubic crystalline microstructure. Upon cooling, the microstructure returns to the twinned martensitic phase when no stress is applied to the material.
Using the principles of the shape memory effect, a trained shape can be developed that can be recovered with heat [4] . This allows shape memory alloys such as Ni-Ti to be used as actuators without the need for larger, more complicated switching mechanisms [5] . In this way, SMAs can produce a large force per unit volume while operating under a simple mechanism [6] . One specific type of actuator using SMAs is the bias force actuator. This type of actuator uses a bias spring to generate the restoring force in the one way shape memory effect [5] . The SMA begins in the deformed state at low temperature and when heated, deflects a spring that stores the potential energy. When the SMA is cooled, the potential energy stored in the spring is released to strain the SMA to its original, deformed position [5] . This type of actuator can be modified to use an elastic beam as the spring to restore the deformed position.
This study investigates the implementation of Ni-Ti switches in a radiating, planar antenna building upon the principles discovered in [1] to create a robust, reconfigurable front end antenna. The switches use design elements of a bias spring type actuator using an elastic beam as the bias spring. The SMA actuators provide a switching mechanism to create a change in the geometry of the antenna and an associated shift in the working frequency.
SMA SWITCH DESIGN
Two switches were built for this study using the principles outlined in [1] using a normally open switch configuration. The components of the design for each include a Ni-Ti ribbon on top of a spring steel beam each electrically insulated from one another with Kapton tape. A schematic of the switch design and motion is shown in Fig. 1 . In this design, the Ni-Ti strip begins in the detwinned martensitic phase when the switch is "off" and is resistively heated with current to transform into the trained 
FIGURE 2. SCHEMATIC OF NI-TI STRIP CIRCUIT FOR RESIS-TIVE HEATING
austenitic phase. The Ni-Ti ribbon is split in the center to create an electric circuit where current can flow and resistively heat the Ni-Ti strip as shown in Fig. 2 . As the heating and transformation occur, the Ni-Ti strip pushes down on the spring steel until an electrical contact is made with the planar antenna. When the current is turned off, the Ni-Ti strip cools and the spring steel deforms the Ni-Ti strip upward, returning to the detwinned switch "off" state. In this design, the split tails of the Ni-Ti strip are fixed onto the antenna and connected to a power supply while the actuation side of the switch is free to move up and down for reconfiguration. This type of design represents a normally open configuration because when no current is supplied to the Ni-Ti strip, there is no electrical contact with the planar antenna.
The switch dimensions are given in Table 1 , where both Switch A and Switch B are represented. The overall dimensions of the switch are slightly larger than the sum of the Ni-Ti strip and spring steel due to the Kapton insulation. As it is seen in the table, the two switches are of similar size which allows for easier implementation into the planar antenna design. Figure 3 shows an image of the two switches. The transformation temperatures of the Ni-Ti strip used in both switches were measured with differential scanning calorimetry and were found to be:
Each switch is activated via resistive heating with a direct current of 2.75 A.
SMA SWITCH TESTING
To evaluate the SMA switch actuation, tests were conducted on each switch to ensure they were opening and closing properly. These tests consisted of actuating each switch separately via power supply at 2.75 A and measuring the time it took to close a contact between two copper wires. The copper wires were connected to a separate power supply, producing approxi- mately 0.5 A current. Copper tape was placed on the actuating tip of the SMA switches for electrical conduction and the current in each circuit was measured. Once contact was made between the switch and the copper wires, the resistive heating of the SMA was turned off and the time for the switch to actuate upwards, breaking the circuit, was measured.
Figures 4 and 5 show the actuation cycles for each of the switches. The Ni-Ti signal represents the current heating the SMA switch while the test signal represents the copper wire test circuit. When the current is on in the test circuit there is contact between the SMA switch and the copper wire. It can be seen that the opening and closing of the contact for switch A takes approximately 8 sec. while switch B closes contact in approximately 8 sec. and opens the circuit in approximately 15 sec. Differences in actuation between the two switches are attributed to the slight differences in their geometries. The times for actuation can be optimized by altering the current used for heating and/or supplying air to remove heat more quickly, however these factors were not included in these experiments. Based on these tests, the switch actuation for each SMA switch is confirmed as working properly. 
PLANAR ANTENNA DESIGN
A planar reconfigurable antenna was designed to incorporate the built switches, using HFSS full-wave electromagnetic field simulation software [7] . The detailed antenna design is shown in Fig. 6 . The design consists of a main patch 54 mm x 40 mm in size with two segments 21.3 mm x 1 mm unattached to the main segment. For this design, the switches are placed on the antenna such that in the "on" state, the switches mechanically deform and contact the two segments below the main patch antenna creating reconfiguration. Electrical connection is established between the segments and the main patch, resulting in an effective increase in the antenna dimensions. The locations of both switches are chosen to ensure an optimized impedance match is achieved when the switches are on. As a result, compared to the "off" state, an "on" antenna is effectively larger in dimensions, with a decreased characteristic resonance frequency. 
ANTENNA CONSTRUCTION AND SWITCH IMPLEMEN-TATION
The antenna pattern was fabricated by laser milling a copper layer cladded onto a Duroid 5880 dielectric substrate (ǫ r = 2.2, tan δ = 0.0009, thickness = 1.575 mm) with a copper ground plane. Figure 7 shows a schematic side view of the antenna with a switch for reconfiguration between the main patch portion of the antenna and the unconnected segment. Copper tapes were placed on the actuating end of the switches to provide an optimal electrical contact between the antenna and the "on" switches. 
ANTENNA TESTING
To test the antenna reconfigurability, the resonance frequency and reflection coefficient (S 11 ) of each possible configuration was measured using a network analyzer (Agilent N5242A, PNA-X). The four configurations tested included both switches "off", one switch connecting the left segment, one switch connecting the right segment and both switches connected simultaneously; each configuration can be seen in Fig. 8 . For the switch "on" configurations, the tail portion of the switches were fixed to the main patch antenna while the actuating end of the switch connected the segment to the main patch.
All four antenna configurations are shown in Fig. 8 along with corresponding measurement results for S 11 in each of the configurations. When both switches were "off", the resonance was observed at 2.43 GHz. Since the switch design is a normally open arrangement, the configuration with both switches "off" provides a baseline for antenna performance when no reconfiguration is attempted. When only switch A or B was "on", only one segment was connected to the main antenna. This created larger antenna dimensions, and a lower resonance occurred at 2.32 GHz or 2.31 GHz respectively. Finally, when both switches were "on", both segments were connected to the antenna. The effective antenna size further increased and the resonance shifted down to 2.25 GHz. The maximum frequency shift from both switches "on" to "off" was 180 MHz. It is also noteworthy that for all four configurations, the S 11 was lower or close to 10 dB. This indicates that the reflected power was less than or close to 10%, which is satisfactory for a working antenna.
The difference between the resonance frequencies in each of the one switch "on" geometries is due to the slight difference in switch dimensions between switch A and switch B. This can be seen in Fig. 8 (b) and (c) where the S 11 results are slightly asymmetric due to the small dimensional variations between the two switches.
Furthermore, the measured antenna performance matched well with the results of the simulations. Figure 9 shows the data of the configurations with both switches "on" and "off". The small discrepancies seen are attributed to measurement error where a slight mismatch of the reconfiguration geometry could lead to small changes in the resonance frequency and S 11 measurement.
CONCLUSIONS AND FUTURE WORK
Using shape memory alloy switches has proven successful in creating multiple configurations within a planar antenna structure to change the working frequency of the device. The multiple configurations were achieved by activating the switches into an "on" or "off" position, creating varying signal pathways for the antenna. The varying geometries caused by the switching created changes in the working frequency making the overall structure multi-band in nature. The various frequencies are shown to be tunable based on simulations of the geometry of the device. Reconfiguration of the planar antenna led to a maximum shift in the resonance frequency of 180 MHz from the change in geometry produced by the activation of both switches.
To further prove the viability of shape memory alloy switches for reconfiguration in planar antenna devices, several areas must be addressed. Firstly, the gain and radiation pattern of the antenna with the various geometries must be measured. The gain measurements are necessary to determine all potential applications for this reconfigurable antenna. Next, depending on the application for these switches, it may be necessary to further miniaturize the switches to reduce the amount of current necessary for actuation. Existing switch geometries require 2.75 A for resistive heating which could be problematic for smaller aeronautical applications such as UAVs which may not have a large power source available for antenna operations. Lowering the required current would also include a further investigation of the electrical circuit used to heat the device.
